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The dipteran Chironomus tentans has complex tandemly repeated 350-bp DNA sequences at or near the
chromosome ends. As in Drosophila melanogaster, short simple repeats with cytosines and guanines in different
strands have never been observed. We were therefore interested in learning whether the Chironomus repeats
could have evolved from simple sequence telomeric DNA, which might suggest that they constitute a functional
equivalent. We screened for repeat units with evolutionarily ancient features within the tandem arrays and
recovered two clones with a less-evolved structure. Sequence analysis reveals that the present-day 350-bp unit
probably evolved from a simpler 165-bp unit through the acquisition of transposed sequences. The 165-bp unit
contains DNA with a highly biased distribution of cytosine and guanine between the two strands, although with
the ratios inverted in two minor parts of the repeat. It is largely built up of short degenerate subrepeats for
which most of the sequence can be reconstructed. The consensus for the subrepeat sequence is similar to the
simple telomeric repeat sequences of several kinds of eukaryotes. We propose that the present-day unit has
evolved from telomeric, simple sequence, asymmetric DNA from which it has retained some original sequence
features and possibly functions.

At the ends of most eukaryotic chromosomes, there are
short, simple DNA repeats, slightly different in various
lower and higher eukaryotes (reviewed in reference 5). Such
DNA of different origin has one feature in common: all or
most of the cytosines are in one strand and the guanines in
the other. The terminal DNA can be added to the ends
enzymatically by telomerase (17, 18) or, as shown in yeast
cells, by gene conversion (33). No such DNA has been found
in dipteran species. The telomere-associated (TA) DNA
recovered in Drosophila species (1, 3, 4, 26, 28, 34) and
Chironomus species (8, 9, 24, 29) is more complex, like
subtelomeric DNA in other species. It will be difficult to
exclude that a few short repeats, of potential functional
importance, remain undetected at the ends of dipteran
chromosomes. An alternative, however, is that their com-
plex repeats have taken over the function of the short
repeats and are truly terminal. If so, dipteran repeats may
have evolved from simple repeats. Here we pose the ques-
tion whether complex repeats can be traced back in evolu-
tion to simple telomeric repeats.

In chironomids, DNA at or close to the chromosome ends,
TA DNA, consists of regular tandem arrays (8, 9, 24, 29).
Similar DNA has also been described for some Drosophila
species (1). Because of the well-defined structure of the
350-bp TA repeats in the subgenus Camptochironomus, with
two pairs of subrepeats in an alternating arrangement, sep-
arated by four linker regions, nonrepetitive within the 350-bp
unit, the TA repeats provide an interesting model to learn
how a complex unit is formed during evolution from a
simpler organization. We have earlier asked whether the
formation of subrepeats, which show more than 90% mutual
homology, is due to differences in rates of evolution along
the 350-bp repeat unit after previous duplication of an
approximately 175-bp half-repeat. Alternatively, forces exist
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that give members of a pair of subrepeats a parallel evolu-
tion. We have compared repeat units in the closely related
Chironomus tentans and C. pallidivittatus and concluded
that mutations are preferentially located in linker regions,
thus supporting the first alternative (24).
From the interspecies comparison, we learned what hap-

pened after speciation, when most of the morphology of the
repeat unit is already established. For present purposes, we
searched for a repeat unit with early evolutionary charac-
ters. For tandem repeats, this is not necessarily unrealistic,
since tandem repeats may contain units at their ends repre-
senting earlier evolutionary phases (12, 14, 19). We argued
that we might be able to select for such variants by searching
for repeats not containing a specific cluster of mutations,
known from the interspecies study to have been formed late
during evolution. This strategy was successful and led to the
recovery of two clones, which both had features expected
for precursor forms, i.e., with less difference between the
two 175-bp halves. In this case, two of the linkers that are
normally highly different within the 350-bp unit were almost
identical. Closer study of the structure of the DNA before
and after the differentiation of the linkers allowed us to
deduce what processes might have led to the differentiated
350-bp unit. In this way, we obtained the structure of a
putative primordial 165-bp unit. This unit contains DNA that
is highly asymmetric in distribution of G and C between the
two strands. However, two minor regions of the unit have an
inverted distribution of G and C between the strands com-
pared with the remainder. We propose that the complex TA
repeat units are formed from simple sequence DNA with the
Cs in one strand and the Gs in the other mainly by inversions
and transpositions. The simpler 165-bp repeat largely con-
sists of 7- to 10-mer degenerate subrepeats having a consen-
sus sequence with striking similarity to telomeric short
repeats of different eukaryotes. The asymmetric feature of
this DNA remains in part of the present-day 350-bp unit. The
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differentiation of the unit presumably has occurred to permit
acquisition of new functions, as will be discussed.

MATERIALS AND METHODS

Genomic DNA from C. tentans was prepared as described
previously (29) and digested with NlaIII. A digest of 3 ,ug of
DNA was separated in a 1% agarose gel, and the 350-bp
region was extracted from the gel. The eluted fragments were
cloned into the SphI site of pUC18. The library was screened
with the C. tentans standard repeat (24), representing the
whole repeat unit, and with the oligonucleotide 5'-CAATTT
CTCAACCAAT'ITGGGATGThITATATATCGA-3', specific
for a short linker region existing in C. tentans but not in C.
pallidivittatus. Colony hybridizations were done on nylon
membranes (Hybond-N) by standard protocols (21). Hybrid-
ization with DNA probe was in 5 x SSPE (1x SSPE is 0.18 M
NaCl, 10 mM NaPO4, and 1 mM EDTA [pH 7.7])-0.5%
(wt/vol) sodium dodecyl sulfate (SDS)-5x Denhardt's solu-
tion-100 ,ug of salmon sperm DNA per ml at 65°C. Washes
were made in lx SSC (0.15 M NaCl plus 0.015 M sodium
citrate)-0.1% SDS at 65°C. Hybridization conditions for the
oligonucleotide were as above, but at 55°C, and washes were
done in 2 xSSC-0.1% SDS at 55°C. The inserted DNA was
sequenced by the dideoxy chain termination method (30).

Hybridization with the degenerate 15-mer oligonucleotide
was done as for the longer oligonucleotide but at room
temperature like the washings.

Nucleotide sequence accession numbers. The GenBank ac-
cession number for the 342-bp clone A is L04934 and for the
368-bp clone B is L04935.

RESULTS

Structure of TA repeat unit. In C. pallidivittatus, the
repeat unit consists of two pairs of subrepeats, Ia-Ib and
IIa-IIb, in an alternating arrangement. These are separated
by linker regions, Li to L4, which are nonrepetitive within
the unit (29). The order along the repeat unit is Ia-L1-IIa-
L2-Ib-L3-IIb-L4 (Fig. lb). In the sibling species C. tentans
(Fig. la), a cluster of mutations within Ilb subdivides this
unit into two parts with an intervening linker region (24). By
analogy, Ha also becomes similarly subdivided since the
original homolog is no longer repeated within the 350-bp
unit.

Screen for nonstandard repeat units. NlaIII digests almost
all the genomic C. tentans TA DNA to monomeric units,
with a size of 350 bp (24). Such fragments were used for a
library, and 47 positive clones were obtained in a screen with
the whole repeat unit. Further screening was done with the
oligonucleotide for the linker region specific for C. tentans,
subdividing the subrepeat HIb. This screen yielded 41 posi-
tive clones, and the remaining 6 negative clones were used in
a search for repeats with ancient features. Three clones had
given weak signals in the first screen and were shown by
sequencing not to have any traits typical for TA DNA. Three
clones had, however, features of a less-evolved TA DNA.
Here, two regions that are linkers in the standard type of
repeat were almost identical. Consequently, the 350-bp
repeat unit in these three clones consists of one pair of long
subrepeats separated on both sides by linker regions (Fig. lc
and d). Two of the three clones were identical. One of them
represented DNA situated at the flank of a repeat array and
was joined to non-TA DNA. We denote the clone lacking
flanking sequences as clone A (Fig. lc) and the clone
containing flanking DNA as clone B (Fig. ld). The term

Ta LI Ila L2 lb L3 Ilb L4
(a) Standard l |I(C~ten.)

Ia Li Ila L2 Ib L3 IIb L4
(b) Standard _|:li

(C~paIll) ] u .

Ia LI Ila L2 Ib L3 ITb L4 la
(c) Cclotne A :(C~ten.) --- 1

S1 S2

(d) Clone B
(C.ten.)

-Ha L2 Ib L3 Ilb L4 la LI FS

Si S2
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FIG. 1. Diagrams of different TA repeats from Chironomus
species. White boxes show subrepeats, and grey boxes show linker
regions. Light grey fields within Ila and IIb for C. tentans (C. ten.)
in panel a indicate short linker regions specific for this species. In
clone A, the cloning site is within L3, and the clone is shown in a
circular permutation in which it starts with subrepeat Ia. The dashed
box downstream of L4 representing Ia in panel c reiterates the Ia
subrepeat at the start of the diagram in order to clarify the arrange-
ment of the large S1 and S2 subrepeat units. Clone B is shown in
panel d as it was cloned, and the dashed box at the start indicates the
part of Ila that was not included in the clone. The unsharp border
between Li and flanking sequence (FS) is indicated by dashes. The
positions of the dsl and ds4 regions in clone B are shown. Standard,
standard repeat; C. pall., C. pallidivittatus.

standard repeat is used for the sequence characteristic for
the main part of the TA DNA in C. tentans (24).

Sequence of clone A. To facilitate comparisons with other
units, clone A is presented starting with subrepeat Ta,
although the NlaIII cloning site is in L3 (Fig. 2). Compared
with the standard repeat, the main difference is in the linker
region L2, which here is almost identical to L4. Both L2 and
L4 are consequently not yet linkers but parts of large
subrepeats: L2 is part of a subrepeat encompassing IIa-L2-
Tb, here designated S1, and LA is part of an S2 subrepeat
with the structure Ilb-L4-Ia (Fig. ic and d). The order along
the repeat consequently is S1-L3-S2-L1. During evolution, a
putative transposition has changed the structure of L2 in its
distal 39-bp extension. In clone A, a possible target site,
ATTCGT (underlined in Fig. 2), occupies positions 8 to 13 in
L2. In the standard repeat, the site is duplicated, and the
5'-proximal site is in the same location and the 5'-distal site
is at the end of L2 (both underlined). In parallel with the
assumed transposition, a deletion of a 1-bp-longer fragment
of the original L2 has occurred. The inserted DNA is rich in
A at its 3' end, suggesting transposition of a reversely
transcribed mRNA fragment.

(As a result of the changes in L2, most of it shows little
identity with I4 in the standard repeat. There is, neverthe-
less, a short sequence in L2 of 6 bp immediately following
the first duplicated target site where a cluster of mutations
has changed L4 in positions 313 to 318 from CTGCAA to
AGCTAT, making it similar to L2. This suggests a gene
conversion event that extended the homology in the region
upstream of the putative transposition in the 3' direction.)
Also in other respects, clone A shows less differentiation

between the two halves of the repeat unit. Thus, there is only
a 1-bp difference between Ta and Iha on one side and Tb and
IIb on the other, whereas in the standard repeat, there are
six differences. This supports the view that clone A shows
traits of evolutionarily early forms.
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AGAGCAAAAA AACCAAAAAT GCACATGTCC TCATCACCTA AAAATCGTCA TATCTCCTCA ATTTCTCAAC CQTTTGAGQA GOTTTATATA TCGATGGATG
:::::::::T T::::::::: ::::ACC:: A : ::AAT :A: 2:T:G:G :TT: :A: :C
::: : 2:::T T: ::: : :: :A : :::2:2:2:2:::::: :: : :: :AA: :T : :: T: :2:: : 2::: : : : : : :: :

L4 Ia Li

301
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400
TTCACCCATA CAAACCATCC CTTAATTCTC AAAACTGAGC GAGCTAGAGC AA-AAAACC- --ACTTTCCA TACAAMATT
2:T: : :2 :2 2::: 2 2 :2 : :: :2: : : :G:::::A ::A:::::AT ::::00::TT AA:A:A:::: :T: :CTTACA
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I

401

Clone A CGAAAAAAAA AAAAATTGG
Clone B TA:QTTTC :T : TT : :ATA AATTTAACGG TTTTTTGAAA TTTGATTTTT AACQGTTTTT TAAAATTCAA ATGTCCATG
Standard

FIG. 2. Sequences in the 5'-3' direction showing the C strand of clone A (top line) in a circular permutation as indicated in the legend to
Fig. 1. Subrepeat Ia and linker region Li have been reiterated at the end of the sequence (in italics) to permit comparison with clone B, which
is shown under the standard repeat from C. tentans on the middle line. Identities with the top sequence (clone A) are indicated with colons.

A final difference, used in the screen for the repeat
variants, is the absence in clone A of the cluster of mutations
giving a short degenerate region, the so-called L3.5 in C.
tentans (24), absent in C. pallidivittatus.
The L1-L3 subrepeat pair could have differentiated like

L2-L4. Li reminds us of the differentiated L2 in having an
A-rich 3' end (13 successive As in clone A). Obvious target
sites cannot be seen but could have become obliterated by
mutations.

Sequence of clone B. Clone B (Fig. 2) is similar to clone A,
i.e., region L2 is largely identical to L4 and both regions are
consequently parts of large subrepeats (Fig. id). Clone B is
at the end of a tandem array, containing sequences without
homology to known repeats at the 3' end. The clone starts at
the middle of subrepeat Ila, where two base substitutions
have created an NlaIII site. It then extends over L2, Ib, L3,
HIb, L4, and Ia to lose identity with clone A (or the standard
repeat) in the beginning of Li. The clone ends with stretches
of A+T-rich, irregularly repeated DNA. One interesting
feature of this clone is that it contains well-defined degener-
ate segments of a type that has previously been described in
C. pallidivittatus (Fig. id). One such region, termed dsl,
covers the distal part of IIb and extends a few base pairs into
ILA (9). Another region, ds4, is situated in the central part of
LA (11). Whereas in clone A the NlaIII cloning site is in the
middle of L3, this site has been destroyed in clone B, where
the sequence is identical to the C. pallidivittatus sequence.
The B clone also has several base substitutions compared
with clone A in the region preceding the flank (Fig. 2).

Clone B confirms the general structure of clone A. It also
suggests that such a structure might have ancient features
because of its association with flanks. Finally, it tells us that
ds regions may be evolutionarily older than the time for
speciation of C. tentans and C. pallidivittatus.
Formation of a 350-bp, structurally differentiated repeat

from a 165-bp unit. We can now formulate a model for the
evolution of the complex 350-bp repeat from a simpler
165-bp unit (Fig. 3). A unit of this size still exists in C.
thummi thummi (8). The simple monomeric unit has a base
composition that might make the DNA particularly suscep-
tible to insertion of retroposons in agreement with a model
by Rogers (27) in which T- or T+G-rich sequences could be
used after a nick in the DNA to prime an mRNA from the
poly(A) tail. This would result in the insertion of a sequence
ending with an A-rich tail in the same strand as observed for
L1 and L2. In our case, we believe that the insertion is
accompanied by deletions. In a second step, a repeat was
amplified together with an adjoining repeat of the original
constitution. This gave rise to the type A, 350-bp repeat.
Consequently, the nonsubstituted region in the previously
adjoining 165-bp repeat, now without an internal homolog in
the newly formed 350-bp repeat, became a linker region, i.e.,
future L3. A third step was the change in the ancestral L2,
discussed previously, in which it lost most of its identity with
L4. The outcome was a repeat of the type existing in C.
pallidivittatus. Further differentiation could, however, take
place in the form of short degenerated segments, ds regions,
which represent accumulations of mutations rather than
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FIG. 3. Model indicating the formation of a differentiated 350-bp
repeat from a simpler unit. The diagram in panel a shows the 165-bp
unit, where light grey boxes indicate future linker regions between
subrepeats. A hypothetical insertion of the Li linker region and a
concomitant deletion of sequence corresponding to L3 is indicated
in panel b, which leads to an approximately 350-bp unit in panel c.
A putative transposition of DNA into L2 with concomitant deletion
of sequence with identity to L4 is indicated in panel d, leading to the
differentiated 350-bp unit in panel e.

recombinations. As shown by clone B, ds regions might have
already formed before the third step. In C. tentans, there is
such a degenerate region in the middle of subrepeat Ilb. This
region might, however, have been generated at a later stage
since a corresponding region has never been observed in C.
pallidivittatus.

Derivation of primordial 165-bp TA unit from simple se-
quence DNA. According to our model, the second half of
clone A probably is more representative of an ancestral
165-bp unit than the first half, and it was therefore subjected
to further study. It contains two long regions with a high C/G
ratio in the strand chosen for presentation (Fig. 4). These
regions alternate with two stretches with a low C/G ratio,
one of about 15 bp within lb and one of about 30 bp at the
end of MIb. The latter regions have more or less inverted
proportions of G and C compared with the DNA with a high
C/G ratio and are probably inversions, as will be shown.

Inspection of the DNA sequence in the 165-bp unit outside
of the two regions with an inverted C/G ratio suggests that
most of it derives from short subrepeats. Starting at the end
of L3, there are five rather evenly spaced degenerate subre-
peats up to the beginning of the region with a low C/G ratio,

Ib L3 llb LAIb L3 L4

1 2 3 4 5 6 7 8 9 10
_-0 --P_ -0- -1P -P _-0 -1-1

C/Gratio 3/6 20/3 2/11 17/2

11 12 13 14 15

FIG. 4. Short subrepeats within the second half of clone A. On
top is shown a diagram of the linker subrepeat regions. The unit is
divided into regions according to C/G ratio; white boxes show
regions with high ratios, and grey boxes show regions with low
ratios. The positions of the different subrepeats and their orienta-
tions are given above and below the boxed diagram. The subrepeats
have the numbers given in Table 1.

TABLE 1. Short subrepeats in a 165-bp primordial TA repeat

Forward Inverted
readings readings

CCTCAT (1) TCTCAG (11)
CCTAAA (2) GCTCTA (12)
CGTCAT (3) CCTCAA (13)
CCTCAA (4) TATAAA (14)
TCTCAA (5) CATCGA (15)
TCTCAT (6)
TCTGCA (7)
Tl TCAC (8)
CCTTAA (9)
TCTCAA (10)

Consensus: (T/C) CTCAA (T/C) CTCAA
Inverted: TFGAG (G/A) TTGAG (G/A)

after which follow three similar units. Then there is a short
region of 14 bp in which subrepeats are lacking. At the end
of LA, there are another two units. The 10 subrepeats, shown
in Table 1, share the consensus (C,T)CTCAA. All these
subrepeats have at least a four-of-six base agreement with
the consensus. There are one to four bases between adjoin-
ing units, with an average of two. There is relatively little
consensus for bases lying between the six-base units except
that the units are preceded by T in five cases. Present data
suggest an origin for the 165-bp unit in repeats, 7 to 10 bases
long, of which 6 or 7 bases can be reconstructed. The
sequence above or its complementary version, TTGAG
(G,A), is similar to DNA at the ends of eukaryotic chromo-
somes such as Tetrahymena species (1TGGGG) (6), Phys-
arum polycephalum (TTAGGG) (16), Plasmodium berghei
[TT(C/T)AGGG] (25), or vertebrates (TTAGGG) (23).

Short subrepeats having at least a four-of-six base agree-
ment with the consensus above can also be found in the two
regions believed to be inverted. The first short region con-
tains two and the second, larger region contains three short
subrepeats (Table 1). The three intersubrepeat distances are
between two and four bases, similar to the distances be-
tween the subrepeats in the forward direction.

Statistical significance of subrepeat pattern. An alternative
explanation for the pattern of short subrepeats is that the
DNA shows a bias in distribution of C and G between the
two strands for some other reason and that we select short
repeats from a random pattern. Closer inspection of the
individual hexanucleotide repeats shows that they are of
three kinds-they either agree with the consensus or differ at
one or two nucleotide positions. In a DNA like the present
one, containing essentially only C, A, and T in one of the
strands (actual composition of the C-rich strands in the four
segments of Fig. 4 is 34.5% A, 32.7% C, 26.7% T, and 6.1%
G), there are two possible consensus short repeats, 21
different hexanucleotides giving one difference, and 90 dif-
ferent hexanucleotides showing two differences. If the short
repeats represent a selection from a random sequence, we
would, therefore, expect that they are present in the propor-
tion 2:21:90 for repeats with zero, one, and two deviations,
respectively. The real distribution among the 15 hexanucle-
otides is 4:5:6. To investigate whether this distribution is
statistically different from the one expected on the basis of a
random distribution, we put together the classes for zero and
one deviation and compared the distribution found, 9:6, with
the one expected on the random hypothesis, 3:12. Applying
the binomial theorem, we added the probability for a 9:6
distribution to the probabilities for all other, less likely
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FIG. 5. Southern blot in 1% agarose gel of clone B DNA (lanes a

to c) and genomic DNA from C. pallidivittatus (lane d) and C.
tentans (lanes e to h). Plasmid DNA containing clone B was digested
to release the insert and applied in amounts corresponding to 1,000
(lane a), 2,000 (lane b), and 4,000 (lane c) sequences per genome.
Chironomus DNA was applied in 1-Lg quantities after cleavage with
HindII (lane d) and Hinfl (lanes e to h), both of which cleave the
larger part of the TA repeat arrays to monomers (24, 29). Before
cleavage, genomic DNA was treated with Bal 31 for 0 (lane e), 10
(lane f), 20 (lane g), or 30 (lane h) min. HinfI-cleaved pBR328 DNA
was used as an internal marker to measure the rate of digestion,
which was 27 bp per end per min. Bal 31 (0.7 U/100 pl) was used in
600 mM NaCl-12 mM CaCI2-12 mM MgCl2-1 mM EDTA-20 mM
Tris-Cl buffer (pH 8.0) at 30°C. Size markers to the left are in
kilobases. Arrow shows origin.

distributions. We obtained a total probability, P < 0.001,
that the distribution of repeats is due to selection from a

random base sequence. This conclusion is reinforced by
another circumstance. All repeats representing the consen-
sus are preceded by a T. Consequently, there are three such
sequences in the 118-bp sequence having a high C/G ratio. If
the parts believed to be inverted are included (in the reverse
orientation), there are four sequences within 165 bp. Given
one such sequence, the probabilities for another two or three
by chance in the 118- or 165-bp stretch of DNA are in both
cases <0.01. Our data suggest that the most likely ancestral
short repeat unit is T(T,C)CTCAAN>3, which has subse-
quently been changed by point mutations in several of the
repeats.

Search for arrays of simple repeats elsewhere in the genome.
Are short repeats of the present kind present in the genome
also as simple sequence, truly telomeric DNA? Due to the
degeneracy of the repeats, it is not possible to test by
hybridization techniques all possible variants. We could,
however, test for a 15-nucleotide combination which was
based on the assumption that a (C,T)CTCAA motif is
preceded by a T. Two such heptanucleotide sequences were

joined by a degenerate position as follows: T(C,T)CICAA
(C,A,T)T(C,T)CTCAA. In clone A there are two and in
clone B and the standard clone there is one 15-nucleotide
sequence complementary to this degenerate oligonucleotide.
C. tentans DNA was digested with Hinfl, which appears
once in all kinds of repeats, electrophoresed, blotted, and
hybridized to end-labelled degenerate 15-mer oligonucle-
otide. Hybridization occurred over the 350-bp band, at the
dimer position, and as a smear coincident with the staining of
the DNA. This smear is unlikely to be due to telomeric
repeats since the size did not decrease after application of
Bal 31. Furthermore, hybridization also coincided with a
different staining pattern obtained after digestion of C.
pallidivittatus DNA with HindII (Fig. 5). These results of
course do not exclude that other variants of short repeats are

present terminally in the chromosomes as long uninterrupted
arrays.

Regions not containing short subrepeats. In the second half

of clone A with noninverted proportions between C and G,
two short regions do not contain obvious degenerate subre-
peats. One of these regions, situated in L4 and with the
sequence CCATACAAACCATC, shows an identity in its
initial 9 bp with the beginning of L1. The first 7 bp of this
sequence, together with 3 bp in the upstream adjoining
degenerate short subrepeat, forms a 10-bp sequence, CAC
CCATACA, which represents a central part of the 13-bp
binding motif for the telomere binding protein in yeast RAP1
(7). This is an interesting similarity which could represent
another link between the telomeric simple sequence DNA
and the TA DNA in insects.

DISCUSSION

TA repeats evolved from simple sequence DNA similar to
telomeric repeats. Here we reconstructed some of the evo-
lutionary history of the 350-bp TA repeat in Chironomus
tentans and conclude that it is highly likely to originate from
short, on the average, 7- to 10-mer repeats with striking
similarity to telomeric simple sequence DNA from other
eukaryotes. The repeats are not evenly spaced as in several
eukaryotes but vary slightly in length, more like telomeric
repeats in Saccharomyces cerevisiae (31) or Dictyostelium
discoideum (15). We believe that a first step led to a 165-bp
unit after inversions in the arrays of short repeats. The next
step might have been insertion of retroposon DNA to
become Li with deletion of preexisting DNA with identity to
L3. Therefore, the size of the unit receiving the insertion has
not been much changed. When, however, such a unit has
become amplified together with an adjoining unit of the
original 165-bp construction, a new repeating unit of 350 bp
has been formed, essentially our clone A. A second trans-
position-deletion step may have led to further differentiation
and the structure of the present-day repeat.
There is, however, also differentiation at another level.

Clusters of mutations form short degenerate regions, ds
regions, that characterize different subfamilies and have a
characteristic intertelomeric distribution as studied in C.
pallidivittatus. In C. tentans, such a cluster of mutations is
localized within a subrepeat in the main repeat variant
forming a short linker region.
The original asymmetry in distribution of Cs and Gs is

retained in part of the repeat unit, opening the possibility
that original functions may have been conserved. The fur-
ther differentiation into subfamilies (9, 11) with specific
intertelomeric distribution (10) could indicate the acquisition
of new functions.

Distribution of TA repeats among dipteran species. HeT
DNA, which is a DNA that can be added to terminally
deleted chromosomes in Drosophila melanogaster by a
unique transposition mechanism (3, 4) and is also a normal
component of telomeres and pericentric heterochromatin
(32, 34), shows no obvious similarities to Chironomus TA
repeats. This is in contrast to 180-bp regular tandem repeats
associated with telomeres in Drosophila tristis and Dro-
sophila obscure (1). Also in this latter type ofDNA there are
traces of arrays of degenerate short repeats. It is reasonable
to suggest that the Chironomus type of TA repeats repre-
sents an evolutionarily old form, widely distributed among
dipteran species.

Clones A and B share traits of evolutionarily old TA repeats.
One question is whether L2 is identical (or similar) to L4 in
clones A and B not because of an ancient state but because
of recombinations between standard repeats that place L4 in
the position of L2. Such a construct is not possible after a
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single crossover. This is because L2 is distal to Li and
proximal to L3, two regions that are distinctly different,
whereas L4 comes after L3 but before Li. Consequently, a
double-crossover event would be necessary. Two such in-
dependent double crossovers appear unlikely. Nevertheless,
a double crossover at this level is indistinguishable from
gene conversion, and one might suggest that L2 could have
become converted by LA. Gene conversion can, however,
only occur if there is an initial similarity, sufficient for
heteroduplex formation, and is unlikely to operate between
two essentially nonhomologous sequences like L2 and LA in
the standard repeat (2, 13, 20). Furthermore, the sequences
in clones A and B differ from those of the standard type at
several other points. We conclude that clones A and B
probably represent phylogenetically old forms of repeats.
Are the TA repeats truly telomeric? We suggest that the

350-bp TA repeats have evolved from simple 7- to 10-mer
repeats, six positions of which can be deduced and which
show striking similarity with established eukaryotic telomer-
ic repeats. An obvious question is whether the Chironomus
repeats extend all the way to the end of the chromosomes.
Since, however, the TA repeats are present in blocks of up
to 75 kb (10), it is not easy, using, e.g., Bat 31 digestions, to
prove such a localization. Such analyses would not tell us
more than we already know from cytological observations,
i.e., that these sequences are located close to the chromo-
some ends. Here we find that a set of short repeat variants
are not present as long arrays at the chromosome ends in
measurable amounts.

If we accept the assumption that the complex TA repeats
reach the ends of the chromosomes, we are faced with the
problem that complex DNA repeats cannot be added by
telomerase. Alternatives exist, however, in unequal crossing
over combined with selection for longer recombinants (22),
in gene conversion (33), or, as described for D. melano-
gaster, in transposition of DNA onto chromosome ends (3,
4). All in all, we suggest that the TA repeats have evolved
from simple sequence, truly telomeric DNA, retaining some
of the original features and presumably functions. Evolution
has added new types of sequences and probably possibilities
to accommodate new functions.
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